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Abstract
The Dark Side of the Universe, which includes the cosmological inflation in
the early Universe, the current dark energy and dark matter, can be theoretically
described by supergravity, though it is non-trivial. We recall the arguments pro
and contra supersymmetry and supergravity, and define the viable supergravity
models describing the Dark Side of the Universe in agreement with all current ob-
servations. Our approach to inflation is based on the Starobinsky model, the dark
energy is identified with the positive cosmological constant (de Sitter vacuum),
and the dark matter particle is given by the lightest superparticle identified with
the supermassive gravitino. The key role is played by spontaneous supersymme-
try breaking.
1 Introduction
The standard approach to the Dark Side of the (current) Universe is based on the
Cosmological Concordance Model that assumes (i) the dark energy described by
the cosmological constant and (ii) the dark matter (DM) described by unknown
(electrically neutral and stable) massive particles. In addition, the standard
(single-field) approach to cosmological inflation in the early Universe assumes
the existence of another scalar field (called inflaton) driving inflation. The early
Universe inflation can be considered as the primordial dark energy because ”dark
energy” is merely the substitute for the accelerating expansion of the Universe,
though the underlying physics of inflation and (current) dark energy are different:
one needs an appropriate scalar potential describing inflaton slow roll for inflation,
whereas a de Sitter vacuum (the positive cosmological constant) suffices for dark
energy. As regards the cold dark matter particle, one needs to explain its origin
and find the reason for its stability.
In supergravity theory, getting all those features is highly non-trivial, because
they have to be compatible with local supersymmetry of the acton. However,
this problem simultaneously offers the opportunity to severely constrain possible
options for embedding the Cosmological Concordance Model into supergravity
and connect it to the Standard Model (SM) of elementary particles [1].
Let us briefly review the existing theoretical motivation for supersymmetry
(SUSY) and supergravity. SUSY is the one of the leading candidates for new
physics beyond the SM. Supergravity is the field theory with local SUSY that
automatically implies the general coordinate invariance. The minimal (N = 1)
supergravity in four spacetime dimensions is chiral that is necessary for particle
phenomenology and CP violation. Supergravity has many attractive features:
• SUSY unifies bosons and fermions;
• supergravity automatically includes General Relativity (GR);
• supergravity is the conservative extension of GR and field theory, which
restricts the number of independent parameters (coupling constants);
• SUSY Grand Unified Theories (super-GUTs) result in the perfect unifica-
tion of electro-weak and strong interactions;
• the spectrum of matter-coupled supergravities with spontaneously broken
SUSY has the natural DM candidate given by the Lightest SUSY Particle
(LSP), provided that R-parity is conserved;
• SUSY helps to stabilize the fundamental scales (the hierarchy problem),
such as the electro-weak scale and the GUT scale;
• SUSY leads to cancellation of the quadratic UV-divergences in quantum
field theory;
• supergravity is the only way to consistently describe coupling of spin 3/2
particles to gravity;
• it is unknown how many degrees of freedom (d.o.f.) were present during
inflation. Supergravity may be the answer;
• supergravity can be considered as the low-energy effective action of super-
strings (quantum gravity).
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Of course, some of those arguments may not survive in the ultimate the-
ory. It is also worthwhile to recall the standard arguments against SUSY and
supergravity, and briefly comment on their validity:
• the masses of bosons and fermions are not equal. This means that SUSY,
if exists, has to be spontaneously broken in our Universe;
• no supersymmeric partners to the SM particles were found at the Large
Hadron Collider (LHC) so far. This merely means that the SUSY scale is
considerably higher that 10 TeV;
• the observed cosmological constant is positive. This means that one has to
find the supergravity models admitting de Sitter vacua;
• the observed CP violation rules out extended SUSY. This means that one
should use the minimal (chiral) supergravity in four spacetime dimensions
for phenomenological purposes. This supergravity may be derivable from
extended supergravities in higher spacetime dimensions;
• there is the huge matter-over-antimatter abundance in our Universe. First,
we may not observe a considerable part of antimatter in the Universe. Sec-
ond, the Affleck-Dine baryogenesis mechanism based on SUSY can accom-
modate any matter-over-antimatter abundance [2];
• Superstring Landscape has over 10500 vacua. First, the very idea of Super-
string Landscape is speculative. Second, the superstring theory itself does
not have enough theoretical tools to address the multiverse concept.
In summary, SUSY and supergravity are still alive and are not ruled out by
observations despite of the current absence of any signs of their presence at the
LHC and in the sky.
In this paper we very briefly review the standard approach to cosmology in
supergravity and its problems (Sec. 2). Then we outline our approach and its
tools based on the vector supermultiplet unifying inflaton and goldstino (Sec. 3).
The DM in our approach is given by the superheavy gravitino LSP in the context
of high-scale SUSY (Sec. 4). In Sec. 5 we outline the minimalistic approach
entirely based on the use of a single massive vector multiplet with the Born-Infeld
(BI) structure and the alternative Fayet-Iliopoulos (FI) terms. We conclude in
Sec. 6 where we also comment on a description of the primordial black holes in
supergravity.
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2 Inflation in gravity and supergravity
The Starobinsky model of inflation is defined by the action [3]
SStar. =
M2Pl
2
∫
d4x
√−g
(
R +
1
6m2
R2
)
, (1)
where we have introduced the reduced Planck massMPl = 1/
√
8πGN ≈ 2.4×1018
GeV, and the scalaron (inflaton) mass m as the parameter. We use the spacetime
signature (−,+,+,+, ).
The (modified) gravity action (1) is known to be classically equivalent to
the scalar-tensor gravity or the standard (quintessence) model of the (canoni-
cal) scalar field ϕ minimally coupled to Einstein gravity and having the scalar
potential
V (ϕ) =
3
4
M2Plm
2
[
1− exp
(
−
√
2
3
ϕ/MPl
)]2
. (2)
This scalar potential has the Minkowski vacuum at ϕ = 0 and the plateau of the
positive height (related to the inflationary energy density) that gives rise to slow
roll of inflaton during the inflationary era.
The Starobinsky model (1) is the excellent model of cosmological inflation,
in very good agreement with the Planck data [4]. The Planck satellite mission
measurements of the Cosmic Microwave Background (CMB) radiation give the
scalar perturbations tilt as ns ≈ 1+2ηV − 6εV = 0.9649± 0.0042 (with 68% CL)
and restrict the tensor-to-scalar ratio as r ≈ 16εV < 0.064 (with 95% CL). The
Starobinsky inflation yields r ≈ 12/N2e ≈ 0.004 and ns ≈ 1 − 2/Ne, where Ne is
the e-foldings number between 50 and 60, with the best fit at Ne ≈ 55.
The inflationary model (1) is truly geometrical because it is entirely based
on gravitational interactions. The inflaton mass parameter m is fixed by the
observed CMB amplitude (COBE, WMAP) as
m ≈ 3 · 1013 GeV or m
MPl
≈ 1.3 · 10−5 . (3)
As regards the duration of Starobinsky inflation, a numerical analysis yields√
2
3
ϕini./MPl ≈ ln
(
4
3
Ne
)
≈ 5.5 ,
√
2
3
ϕend/MPl ≈ ln
[
2
11
(4 + 3
√
3)
]
≈ 0.5 ,
(4)
where we have used the best fit Ne ≈ 55.
As regards supergravity extensions of inflationary models, there are two obvi-
ous possibilities for local supersymmetrization: either taking the modified gravity
models or the quintessence models. However, first, one has to embed inflaton field
into a supermultiplet, when one wants linearly realized local SUSY. There are
two natural options for assigning the inflaton supermultiplet to matter (with the
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highest spin under or equal to 1): either a chiral multiplet or a (single) vector
multiplet.
The standard approach to inflation and DE in supergravity is based on the
use of chiral superfields with the maximal spin 1/2, which requires complexifica-
tion of inflaton by adding a physical pseudo-scalar (called sinflaton). Two chiral
superfields are generically needed: the one including inflaton and another one
including goldstino, because inflation implies spontaneous SUSY breaking due to
the positive energy driving inflation. It is possible to identify those two super-
fields thus getting inflaton and goldstino in a single chiral superfield [6, 7]. The
sinflaton has to be stabilized during inflaton, with its mass beyond the Hubble
value in order to get a single-field inflation favored by the Planck data. Slow-roll
inflation and a de Sitter vacuum (DE) are obtained by carefully engineering the
inflaton scalar potential VF in terms of a Ka¨hler potential K and a superpotential
W as (MPl = 1)
VF = e
K
(|DW |2 − 3|W |2) with DW = W ′ +K ′W , (5)
where the primes denote the derivatives with respect to the chiral superfield,
and then solving the so-called η-problem by arranging the inflationary trajectory
along a flat direction of the Ka¨hler potential K in order to get slow roll. Stability
of inflation (enough e-foldings) against its possible spoiling by sinflaton is a major
concern in this business and is difficult to achieve. The alternative is to get rid of
sinflaton by the use of nilpotent (constrained) chiral superfields [8, 9]. However,
the nilpotent superfields are problematic at very high energies and in quantum
theory, so we do not employ them for inflation.
The straightforward way of extending the modified f(R) gravity model like
the one in (1) to supergravity is possible by the use of the curved superspace of
the so-called old-minimal supergravity that gives rise to the action [5]
S =
∫
d4xd4θE−1N(R, R¯) +
[∫
d4xd2Θ2EF (R) + h.c.
]
(6)
in terms of the supergravity chiral superfield R having the scalar curvature R
amongst its field components at Θ2, and the two potentials N and F . 1 The action
(6) can be transformed into the standard matter-coupled Einstein supergravity
action with two chiral matter superfields [11, 12]. However, it cannot properly
embed the Starobinsky inflationary model (1) because of the extra propagating
scalars that may be ghost-like and whose potential is generically unbounded from
below. Those unwanted scalars have to be stabilized either by introducing more
superfields or by tuning the functions N and F , while no good example was ever
found.
1We use the standard notation of Wess and Bagger in superspace [10].
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3 Inflaton in a vector multiplet
To solve the problems mentioned above, we propose
• the use of a massive vector multiplet instead of a chiral multiplet in order
to unify real inflaton scalar and goldstino (a massive vector multiplet has
only one real scalar!);
• the use of the super-Higgs-effect in order to give mass to the vector multi-
plet;
• the use of the Born-Infeld (BI) kinetic term instead of the (canonical)
Maxwell kinetic term for the vector multiplet in order to generate the gold-
stino action for the fermionic superpartner of the inflaton with the F-type
(high scale) spontaneous SUSY breaking after inflation;
• the use of the alternative Fayet-Iliopoulos (FI) term without gauging the
R-symmetry in order to generate the additional D-type (small scale) spon-
taneous SUSY breaking after inflation for uplifting the Minkowski vacuum
to a de Sitter vacuum (dark energy).
On the one hand, it is expected that Maxwell electrodynamics does not remain
unchanged up to the Planck scale because of its internal problems related to
the Coulomb singularity and the unlimited values of electro-magnetic field. This
motivated Born and Infeld [13] to propose the non-linear vacuum electrodynamics
with the Lagrangian (in flat spacetime)
LBI = −M4BI
√
− det (ηµν +M−2BI Fµν) = −M4BI − 14F 2 +O(F 4) , (7)
where ηµν is Minkowski metric, Fµν = ∂µAν − ∂νAµ, and F 2 = F µνFµν . The BI
theory has the new scale MBI whose value cannot exceed the GUT scale where
electro-magnetic interactions merge with strong and weak interactions. The BI
theory naturally emerges (i) in the bosonic part of the open superstring effective
action, (ii) as part of Dirac-Born-Infeld (DBI) effective action of a D3-brane,
and (iii) as part of Maxwell-Goldstone action describing partial supersymmetry
breaking of N = 2 supersymmetry to N = 1 supersymmetry. The peculiar non-
linear structure of the BI theory is responsible for its electric-magnetic (Dirac)
self-duality, taming the Coulomb self-energy of a point-like electric charge, and
causal wave propagation (no shock waves and no superluminal propagation).
On the other hand, the universal goldstino action has the Akulov-Volkov (AV)
Lagrangian in flat spacetime [14],
LAV = −M4susy det
(
δab +
i
2M4susy
λ¯γa∂bλ
)
= −M4susy −
i
2
λ¯γ · ∂λ +O(λ4) , (8)
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where λ(x) is a Majorana fermion field of spin 1/2. This fermionic field is called
the goldstino because the AV action has the spontaneously broken non-linearly
realized rigid SUSY under the transformations
δλ =M2susyε+
i
M2susy
(ε¯γaλ)∂aλ (9)
with the infinitesimal Majorana spinor parameter ε. The AV theory (8) has the
cosmological constantM4susy whereMsusy is the spontaneous SUSY breaking scale.
A coupling of the AV action to supergravity is supposed to generate a gravitino
mass via the so-called super-Higgs effect [10] when the gravitino ”eats up” the
goldstino and thus gets the right number of the physical degrees of freedom.
The manifestly supersymmetric extension of the BI action minimally coupled
to supergravity in curved superspace of the (old-minimal) supergravity is given
by
SsBI =
1
4
(∫
d4xd2θEW 2 + h.c.
)
+
1
4
M−4BI
∫
d4xd2θd2θ¯E
W 2W¯ 2
1 + 1
2
A+
√
1 + A+ 1
4
B2
(10)
where A = 1
8
M−4BI (D2W 2 + h.c.) and B = 18M−4BI (D2W 2 − h.c.). The W α is the
chiral gauge-invariant field strength, Wα = −14
(D¯2 − 4R)DαV , of the gauge real
scalar superfield pre-potential V describing an N = 1 vector multiplet [10].
The identification of the photino λ with the goldstino of the spontaneously
broken local SUSY requires MBI = Msusy. The ultimate recovery of the AV
action from the super-BI action is possible by identifying the goldstino λα with
the leading field component of the superfield Wα and projecting the other fields
out, Fµν(A) = D = ψµ = 0 in the absence of gravity, e
a
µ = δ
a
µ. Then the super-BI
action reduces to the AV action up to a field redefinition in the higher order terms
(with respect to λ).
A generic Lagrangian of the massive vector multiplet is governed by a real
potential J ,
L =
∫
d2θ2E
{
3
8
(D¯D¯ − 8R)e− 23J + 1
4
W αWα
}
+ h.c. , (11)
while its bosonic part in Einstein frame reads (MPl = 1)
e−1L = 1
2
R− 1
4
FmnF
mn − 1
2
J ′′∂mC∂
mC − 1
2
J ′′BmB
m − g
2
2
J ′
2
, (12)
where C = V | is the real scalar inflaton field and J = J(C). Hence, any scalar
potential given by a real function squared can be supersymmetrized [15, 16]. For
example, the Starobinsky potential is obtained with the choice (MPl = 1 and
g = 1)
J(C) =
3
2
(C − lnC) and C = exp
(√
2/3φ
)
. (13)
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The master function J(V ) can be generalized to a function J˜(He2V H¯) where
we have introduced the Higgs chiral superfield H . The J˜ is invariant under the
gauge transformations
H → e−iZH , H¯ → eiZ¯H¯ , V → V + i
2
(Z − Z¯) , (14)
whose gauge parameter Z itself is a chiral superfield. The original theory of the
massive vector multiplet governed by the master function J is recovered in the
supersymmetric gauge H = 1. We can also choose the different (Wess-Zumino)
supersymmetric gauge in which V = V1, where V1 describes the irreducible mass-
less vector multiplet minimally coupled to the dynamical Higgs chiral multiplet
H . The standard Higgs mechanism appears when choosing the canonical function
J = 1
2
He2V H¯ that corresponds to a linear function J˜ . The whole procedure is
known as the super-Higgs mechanism [10].
In the models introduced above, SUSY is always restored after inflation. To
avoid it, we add Polonyi chiral superfield (the hidden sector) with
K = ΦΦ¯ , W = µ(Φ + β) . (15)
This defines the so-called Polonyi-Starobinsky (PS) supergravity [17, 18].
The total Lagrangian of the PS supergravity reads
L =
∫
d2θ2E
{
3
8
(D¯D¯ − 8R)e− 13 (K+2J) + 1
4
W αWα +W(Φ)
}
+ h.c. (16)
and leads to a Minkowski vacuum after inflation, though with spontaneously
broken SUSY. However, it also leads to the the F-type contribution of Polonyi
scalar to the inflationary scalar potential, due to its mixing with the inflaton,
while that contribution spoils slow roll inflation. This can be cured by adding
the field-dependent FI term (see below), whose coefficient is a function of the
Polonyi superfield, and changing the J-function in (13) appropriately [19, 20].
The F-type SUSY breaking after inflation at arbitrary scale can be achieved
by choosing the free parameter µ in (15). To simultaneously generate a tiny
positive cosmological constant by uplifting the Minkowski vacuum to a de Sitter
vacuum, we employ the extra (D-type) spontaneous SUSY breaking provided
by the alternative FI term [21]. The vector multiplet V can be decomposed as
V = V +G, where G is the goldstino superfield, G2 = 0. The alternative FI term
is just proportional to G. Explicitly, it takes the form [21, 22]
LFI1 = 2ξ
∫
d4θE
W 2W¯ 2
D2W 2D¯2W¯ 2 or LFI2 = 2ξ
∫
d4θE
W 2W¯ 2
(DW )3 , (17)
with the coupling constant ξ. The elimination of the auxiliary field D gives rise
to the positive cosmological constant equal to 1
2
ξ2 that can be identified with the
observed value.
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4 Phenomenology of PS supergravity with FI
term
Phenomenology of the PS supergravity with the alternative FI term was also
systematically studied [23, 24]. We find that
• in the early Universe gravitinos are produced from vacuum during inflation
and via inflaton and Polonyi decays;
• matching the known DM abundance with the produced gravitinos allows
us to fix the gravitino mass as m3/2 ≈ 7.7 · 1012 GeV;
• the F-type SUSY breaking scale is dictated by the coefficient µ at the linear
term in the Polonyi superpotential and is given by µ1/2 ∼√m3/2MPl that
must be close to MGUT;
• the de Sitter vacuum (the cosmological constant Λ0 or DE) is obtained by
tuning the coefficient at the alternative FI term as 1
2
ξ2 = Λ0;
• there are no gravitino and Polonyi overproduction problems, and the Big
Bang Nucleosynthesis (BBN) constraints are avoided;
• the gravitino is LSP; all other sparticles masses are above the m3/2 in this
high-scale SUSY scenario and, therefore, are phenomenologically irrelevant;
• the reheating temperature after inflation is about 1010 GeV.
5 BI and FI in supergravity
The natural question arises: is it possible to get rid of the Polonyi superfield and
use merely a single vector multiplet for all purposes of describing the Dark Side
of the Universe? The answer is in affirmative [25, 26] though we have to use all
our tools such as the BI structure and the alternative FI terms.
After eliminating the auxiliary fields and Weyl rescaling to Einstein frame,
e → e4J /3e and gmn → e−2J /3gmn, the bosonic part of our supergravity model
with the BI structure and the (first) FI term reads
e−1LI =1
2
R− 1
2
J ′′∂aC∂aC − 1
2
J ′′BaBa
+
e4J /3
8α
[
1−
√
1 + 8αZ2
√
1 + 4αF 2e−4J /3 + 4α2(FF˜ )2
]
, (18)
where Z ≡ I
4
− J ′e−2J /3, F˜ab ≡ − i2ǫabcdF cd, Ba is the vector field whose field
strength is Fab. The absence of ghosts requires J ′′ > 0.
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In particular, the auxiliary field D is eliminated via its algebraic equation of
motion,
D =
Z√
1− 8αZ2
√
1 + 4αF 2e−4J /3 + 4α2(FF˜ )2 , (19)
so it can have the non-vanishing vacuum expectation value, 〈D〉 6= 0 or 〈Z〉 6= 0,
that spontaneously breaks SUSY.
The scalar potential is given by
V = e
4J /3
8α
(√
1 + 8αZ2 − 1
)
. (20)
and can be used to realize both slow-roll and Starobinsky-like inflation, as well
as a de Sitter vacuum, by properly choosing the real functions J and Z.
Similarly, as regards the second alternative FI term, we find the D-dependent
terms in Jordan frame as follows:
e−1LII(D) =− I
16
[
4D − 4F
2
D
+
F 4 − (FF˜ )2
D3
]
+ e−2J /3J ′D
+
1
8α
(
1−
√
1 + 4α(F 2 − 2D2) + 4α2(FF˜ )2
)
. (21)
The generic new features are: (i) the non-polynomial dependence upon D, (ii)
the highly non-linear dependence upon F , (iii) the non-trivial coupling to chiral
matter for respecting the Ka¨hler gauge invariance, and (iv) the rich structure of
the scalar potential.
6 Conclusion
We find that the unification of inflation, DE and DM, as well as the unification
of the associated scales are possible in supergravity. The origin of inflaton, DE
and DM is entirely (super)gravitational in our approach. The non-standard su-
pergravity tools (the real J potential, the BI structure of the kinetic terms, the
alternative FI term) are essential. In particular, the FI term uplifts the Minkowski
vacuum in Starobinsky model to a de Sitter vacuum (DE). The high-scale SUSY
is required. The only ”low-energy” impact of the high-Scale SUSY is the grav-
itino LSP as the DM. Therefore, accelerator searches for SUSY are expected to
produce no signs of SUSY, and then only cosmoparticle physics probes of SUSY
are possible [27].
Finally, we add a comment on the possibility of describing the Primordial
Black Holes (PBHs) in supergravity. The PBHs may be formed in the early
Universe by collapsing of primordial density perturbations resulting from infla-
tion, when those perturbations reenter the horizon and are large enough (in other
10
words, when gravity forces are larger than pressure). Apart from being consid-
ered as the alternative or additional (non-particle) source for DM, some PBHs
(of stellar mass) are also considered as the candidates for the gravitational wave
effects caused by the binary black hole mergers observed by LIGO/Virgo collabo-
ration. The PBHs abundance f = ΩPBH/Ωcr. is proportional to the amplitude of
the scalar perturbations Pζ and is also proportional to (MSun/MPBH)
1/2. Hence,
for the PBH to be the DM, one needs the mass MPBH ≈ 10−12MSun, and the
enhancement of the perturbation spectrum from 10−9 (CMB) to 10−2 (PBH) at
the last stages of inflation.
In a single-field inflation, perturbations are controlled by the inflaton scalar
potential, so that large fluctuations are produced when the slow roll parameter
ε = r/16 goes to zero, i.e. when the potential V has a near-inflection point with
V ′ ≈ V ′′ ≈ 0. To unify a copious PBH production with the CMB observables,
those events should be ”decoupled” by demanding the existence of another (rela-
tively short) plateau in the scalar potential after the inflationary plateau towards
the end of inflation. This is not the case for the Starobinsky inflation but can
be easily achieved in our supergravity framework by allowing another plateau or
spikes of the J ′-function in the inflaton scalar potential V = 1
2
g2(J ′)2.
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